ABSTRACT. Protein turnover in fetal diaphragm, heart, liver, and brain was determined at 21 days gestation in fetal rats whose mothers had received a protein-restricted diet (6% protein) throughout gestation. This diet resulted in severe combined protein-calorie malnutrition. Fetal body weight was significantly decreased at days 19-22 gestation versus controls (27% protein diet) when pregnant animals were protein-restricted (e-g. 40% decrease in body weight at day 22 gestation versus controls). Protein synthesis was determined by intravenous injection of "massive" amounts of [3H]phenylalanine to pregnant animals and measuring free and protein-bound specific radioactivities in fetal tissues. Rate constants for protein degradation were calculated by subtracting fractional growth rate from protein synthesis. Fractional protein synthesis was reduced in diaphragm (0.26 versus 0.41 days-1), heart (0.41 versus 0.52 days-'), and liver (0.35 versus 0.89 days-') in fetuses from malnourished mothers relative to controls. Similarly, fractional protein degradation was decreased in these fetal tissues -diaphragm (0.03 versus 0.06 days-'), heart (0.14 versus 0.18 days-'), and liver (0.25 versus 0.80 days-'). Reduced protein accretion during maternal malnutrition in these fetal tissues is secondary to decreased protein synthesis out of proportion to the concurrent reduction in protein degradation. Protein synthesis and degradation in fetal brain from malnourished mothers were not altered versus controls. These effects of malnutrition on protein turnover in fetal tissues throughout pregnancy in the rat correspond closely with the effect of protein restriction in young adult rats and the effect of protein-calorie malnutrition on whole body protein turnover in human infants. (Pediatr Res 23: 534-538,1988) Abbreviations Ks, fractional rate of protein synthesis Kd, fractional rate of protein degradation Kg, fractional rate of protein accretion LP, low-protein diet (6% protein) tion in fetal heart, diaphragm, and brain results from enhanced protein degradation without major changes in the Ks (2).
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A diet restricted in protein results in reduced protein synthesis and reduced protein degradation in striated muscles of the young adult rat (3) (4) (5) . We have now studied the effects of dietary restriction of protein and calories throughout gestation in pregnant rats on protein turnover in tissues of fetal rats. The results obtained contrast sharply with those previously reported during short-term maternal starvation.
METHODS

Animals.
Virgin Sprague-Dawley rats were mated at approximately 100 days of age. Day zero of gestation was defined as the day on which a pan plug was found (6) . Throughout these experiments, animals were kept in a room controlled at 22 + l o C with a 12-h-on-off light cycle. Control animals were fed a pelleted diet containing 27% protein (ICN Biochemicals, Cleveland, OH) ad libitum throughout gestation. Protein-restricted pregnant animals were fed a pelleted diet containing 6% protein (ICN Biochemicals) ad libitum throughout gestation. The diets were isocaloric. Their compositions are shown in Table 1 . Minerals and vitamins were equivalent in the two diets.
Pregnant animals were weighed periodically during gestation and food intake was estimated at discrete intervals by differences in pelleted food weight in the feeding containers of the cages over various time intervals.
Determination of protein synthesis. 
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bility of this technique to measurement of fetal protein synthesis has been established previously (2, 8, 9) . Samples of maternal and fetal blood were obtained and fetuses were submerged immediately in ice-cold 0.9% NaCl. Fetal tissues were dissected rapidly and frozen in liquid Nz. Processing of blood and tissue samples to determine the specific radioactivities of free and protein-bound [3H]phenylalanine was conducted according to the method of Garlick et al. (7) . Ks values in fetal tissues were calculated from the equation Ks = Sb/(Sa x t) where Sb = specific radioactivity (dpm/nmol) of protein-bound phenylalanine, Sa = specific radioactivity of free phenylalanine in tissues, t = time in days.
Determination of protein degradation. Kd was calculated by subtraction of the fractional growth rate, Kg (at day 21 gestation) from Ks. Kg was determined by constructing protein accretion curves using a separate group of fetuses. Data for protein accretion from 19 through 22 days gestation obtained at 24-h intervals were analyzed by polynominal regression and the quadratic equations for these analyses are shown in "Results." Growth rates (dP/dt) were obtained from derivatives of these equations and fractional growth rates (Kg) from the relation Kg = dP/dt + P(t), where P(t) represents the protein content at 21 days gestation.
Biochemical determinations. Protein concentration was measured in tissue homogenates by the method of Lowry et al. (10) using bovine albumin as the standard. RNA and DNA concentrations were determined as previously described (1, 2).
Statistical analysis. The two-tailed Student's t test for independent samples was used to compare various results in control versus malnourished animals. Polynominal regression was used to analyze protein accretion curves of fetal tissues as a function of gestational age.
RESULTS
Fetal growth curves.
The effect of maternal protein-calorie restriction on fetal body weight is shown in Figure 1 . Significantly decreased fetal body weight was apparent by day 19 gestation GESTATIONAL AGE (days) Fig. 1 . Body weight of fetuses from control and protein-calorie-restricted mothers. Each point represents the mean body weight (f SD) of fetuses from six litters. There were no significant differences in litter size between control and protein-calorie-restricted mothers at any gestational age. Fetal body weight was reduced significantly in the malnourished animals versus controls at all gestational ages studied ( p < 0.003).
and became accentuated through the remainder of the gestation. Maternal weight gain was significantly reduced for the entire gestational period in the malnourished group (Fig. 2) . Cumulative maternal weight gain during pregnancy averaged 126 +-23 g (mean f SD) in controls and -7 + 24 g in malnourished animals. Total caloric intake was depressed in the protein-restricted group from days 6-22 gestation (Fig. 3 ). There was a progressive dramatic decrease in total food intake in mothers fed the LP.
The effects of prolonged maternal malnutrition on fetal tissue protein content are shown in Figure 4 . Protein accretion is dramatically reduced in fetal liver and diaphragm with maternal protein-calorie restriction. Heart and brain protein contents are less dramatically, but significantly, affected. Quadratic equations for changes in fetal organ protein contents from both control and malnourished groups are expressed in Table 2 .
Organ contents of RNA and DNA are shown in Table 3 and Figures 5 and 6 . RNA and DNA contents of liver are reduced in fetuses from mothers consuming the LP at all gestational ages. RNA is decreased in the heart at days 19,20, and 22 and at days 19-22 in diaphragm, but is not reduced significantly in brain of LP fetuses. DNA is significantly lower in heart (days 19 and 22) and diaphragm (day 22) from LP fetuses, but not in brain at any age. Ratios of protein/RNA and protein/DNA are not significantly different in any tissue at any gestational age (data shown only for day 2 1). RNA/DNA ratio is decreased in diaphragm at days 21 and 22 in LP fetuses but not in other tissues. All three : o m Table 4 . Ks is depressed significantly in fetal heart, diaphragm, and liver from fetuses of malnourished mothers versus controls, but is not affected in brain. Kg values are lower in the fetuses of proteincalorie-deficient mothers at day 21 gestation in heart and diaphragm. Kd values are also lower in all fetal tissues in the malnourished versus the control group. Table 5 illustrates that total protein synthesis per unit RNA and DNA in fetal organs is reduced by maternal protein-calorie restriction.
DISCUSSION
Restriction of protein (6%) throughout gestation results in significant fetal growth retardation that is evident by day 19 in body weight as well as tissue weights of liver, diaphragm, and heart. Protein, RNA, and DNA are most significantly reduced ' in liver, followed by diaphragm and heart. As in many models of fetal growth retardation in the rat, brain composition is least affected; protein is decreased on day 22, but neither RNA nor DNA contents are significantly reduced at any gestational age. Whole body and tissue weights at term gestation are reduced to a greater extent in this model of fetal growth retardation than with total maternal fasting beginning on day 18 gestation (2). Our results of body and tissue weights and tissue protein, RNA, and DNA are similar to those of Zeman (1 1, 12) who first described the effect on fetal cellular development of a 6% protein diet throughout pregnancy in the rat, viz, lesser reductions of these measurements in brain than in liver and heart. We chose a 6% protein diet because diets containing more protein may require maintainance of the protein-deficient diet before mating, as well as throughout gestation, to obtain similar inhibition of fetal growth ( 1 3). As shown in Figure 3 , maternal food intake on the LP diet is markedly less than in controls from day 6 gestation until its completion, with accelerated decline in intake from days [16] [17] [18] [19] [20] [21] [22] . Thus, this model is not one of "pure" protein deficiency, but rather severe combined protein-calorie deficiency. A similar pattern of maternal food intake was observed by Zeman (1 1) with a 6% protein diet. However, when she pair-fed controls receiving a 24% casein diet with those receiving a 6% protein diet, newborns of the pair-fed controls versus ad libitum-fed controls were indistinguishable in body weight and chemical composition, suggesting that the effects on fetuses of the protein-restricted diet were due to protein restriction per se, and not of combined protein-calorie deficiency. However, Zeman's protein-restricted rats were not as anorectic as ours. Her protein-restricted pregnant animals gained 33 g and were still consuming 7 g food/day on day 21 gestation; ours actually lost weight and were consuming only 4 g foodlday late in gestation. We know that total starvation over the last 4 days of gestation results in significantly reduced fetal body weight and tissue weights (2). We cannot be certain \that the effects of the protein-deficient diet on fetuses were due to protein deficiency per se or combined protein-calorie deficiency in our experiments. Fetuses from LP mothers exhibited reduced Ks for protein in heart, diaphragm, and liver and diminished Kd in all four tissues studied (Table 4) . Thus, reduced protein accretion during protein-restriction in these tissues is secondary to decreased protein synthesis out of proportion to the concomitant reduction in protein degradation. These results contrast sharply with those obtained after 72 h of maternal fasting (2) . In the latter studies, reduced protein accretion in these organs occurred as a result of elevated protein degradation with relatively constant fractional rates of protein synthesis. A number of studies in young adult rats demonstrate reduced protein synthesis in skeletal muscle occurring during protein-free or protein-restricted diets, with simultaneous decrements in rates of protein degradation (3) (4) (5) 14) . In this regard, the rat fetus whose mother is subjected to protein-deficiency throughout pregnancy responds in a fashion similar to the young adult rat. Similarly, human infants suffering from severe protein-calorie undernutrition exhibit reductions in total body protein synthesis and breakdown and a reduced rate of skeletal muscle contractile protein breakdown (1 5, 16) . The mechanism by which reduced Ks occurs in tissues of fetuses from LP mothers involves reduced rate of protein synthesis per unit RNA (Table 5 ). This could be due to a diminished rate of translation of mRNA or a selective decrease in mRNA for rapidly turning over proteins. The total amount of RNA per tissue was also decreased in these tissues, thus further reducing the protein synthetic capacity. This differs from the effect of 72 h of maternal starvation late in gestation in the rat. In the latter circumstance, the rate of protein synthesis per unit RNA is maintained at a level comparable to controls (2) . Protein-free diets and starvation both result in a decreased rate of protein synthesis per unit RNA in skeletal muscle of young adult rats (14) . The mechanisms for diminished protein breakdown under these conditions are totally unknown.
In conclusion, reduced protein accretion in various tissues of the fetal rat resulting from maternal protein-calorie restriction throughout gestation occurs as a result of decreased fractional rates of protein synthesis out of proportion to accompanying decreased fractional rates of protein breakdown. In view of previous results obtained in tissues of fetuses from "acutely" starved mothers, we speculate that the rat fetus is able to maintain normal Ks in response to short-term protein-calorie deprivation, but that prolonged deprivation results in inhibited protein synthesis. Similarly, short-term deprivation accelerates protein breakdown, but unexplained adaptive mechanisms result in decreased protein breakdown during long-term protein-calorie deprivation. Additional studies are necessary to dissect the cellular mechanisms of these responses to nutritional alterations. 
